We present simulation and experimental studies on the multiplexing of information by encoding more than one bit on a focused optical beam. The method is based on encoding information on both longitudinal and transverse directions of the beam. The present method does not require an interferometric scheme to retrieve the information about the pit but a simple quadrant detector.
Introduction
The compact disc (CD) has revolutionized the way information is stored in the past few decades. CD, CD-ROM and DVD systems have become a very convenient and inexpensive way to distribute, store and manipulate digital information. Technological advances in recent years have led to an increase in the amount of information that can be stored on an optical disc as compared to the original CD. With the recently developed Blu-ray system, an even higher capacity of about six times that of a DVD has been achieved. However, there is still a strong need for exchangeable super high density, high data rate storage memories that are robust and can be produced at low cost.
The increase in density in optical data storage until now going from the CD to the Blu-ray systems has been reached by decreasing the focused spot size on the disc, i.e. by reducing the laser wavelength while increasing further the numerical aperture of the focusing system. If the path towards higher densities is to continue this way, the use of wavelengths in the ultraviolet region and extremely high numerical apertures (greater than 1) should be used. This implies several new technological steps; on one side, the problem involving new materials and sources that can be used in the ultraviolet region, and on the other side, the use of numerical apertures higher than 1, as in the case of solid immersion lens systems [1] . Other possibilities for increasing data capacity in optical discs are the use of nonlinear and plasmon effects such as super-RENS, magneto-optic effect and multilayer storage [2] [3] [4] [5] . Although these techniques have the potential to lead to a mature option for optical data storage in the future, most of them involve high complexity, limited durability and high price, which differ in these points considerably from the present CD, DVD and Bluray systems.
Having that in mind, we present here an alternative way to achieve higher spatial density, i.e. more information per unit area on the disc, by exploring the idea of multiplexing the information. This is a technique that consists in encoding more than one bit of information per storage unit. This idea has been explored and proposed in optical recording systems relying on the fact that the light that is reflected from the pit may contain more than one bit of information that can be stored in, for example, the spatially resolved amplitude, phase, polarization state or angular momentum values. Several schemes and ideas are found in the literature where the use of multiplexing in amplitude (gray level recording), pit depth, multiple wavelengths, induced angular momentum and polarization effects have been explored [6] .
In this paper, we propose a new multiplexing scheme consisting of asymmetric pits with variable depth and orientation angle and a quadrant detector. Due to the asymmetry of the pit, the signal at the detector varies accordingly with the pit orientation and depth. The model used to describe the problem theoretically is based on low numerical aperture systems and far-field detection. In the experiment, we have used a sequence of pits written with an ion-beam pattern generator. Based on experimental results and simulations, we analyze applications of this idea in read-only optical recording systems.
This paper is organized as follows. In section 2, we describe the problem and the main idea behind the multiplexing capabilities. Section 3 is devoted to the theoretical analysis and simulations and in section 4 we present the experimental results and comparison with theory. The conclusions and prospects of the method are summarized in section 5.
Description of the problem
The multiplexing scheme that we propose relies on writing a basic pit that is not rotationally symmetric and has variable depth so that for each combination of orientation angle and pit depth one bit pattern is assigned. The number of bits which can be written in the space of one pit will depend on the number of different combinations of angles and depths that can be uniquely detected. The pit reading method is, however, different from that of a usual optical disc; instead of obtaining a continuous time-dependent signal while scanning the disc above the laser spot, we consider here a gated system which only records the field that is reflected from the structure at the time interval that the pit is centered with respect to the reading laser beam. As will be shown below, the retrieval of both orientation and pit depth is done with a quadrant detector. This detection system is not only very simple but also attractive in the sense that the detection is based on a differential signal within the laser beam, offering the possibility to extend the detection to the shot-noise level.
Recently, a scheme based on four different phase front profiles consisting of two full circles and two semi-circles with a longitudinal phase factor has been suggested by, among others, one of the authors of this paper [7] . The idea there was to produce a mode at the detector plane that would be compatible with the set of eigenmodes that describe split detectors, and the detection mode was based on an interferometric scheme consisting of a beamsplitter and two split detectors. In this work, we show that, if one uses a quadrant detector instead, this idea can be considerably improved and simplified. In our new proposed scheme, one needs only one basic pit structure and no interferometric detection. The basic pit is also asymmetric and consists of a semi-circular structure such as the one schematically shown in figure 1(a). The angle θ describes the rotation angle of the pit and d is the pit depth. This basic structure is similar to the semi-circular structures of [7] , with the difference that here the multiplexing variables are the rotation angle of the semi-circle with respect to the x axis and the pit depth.
Theory and simulations
In order to analyze the signal at the detector after the laser has been reflected from the pit, we use the well-known optical recording reading system, with the system of the disc readout as shown in figure 1(c) [8, 9] . Using the scalar diffraction approximation, which is valid for systems such as a CD and DVD, we have that the field distribution at the detector plane E det after interacting with the pit with (complex) reflectivity r (x, y) is given by the Fourier transform of the incident field (truncated by the lens) E in (x, y) convolved by the pit, i.e.
As an incident field, we consider a diffraction-limited spot (Airy disc) scaled to the wavelength and numerical aperture used in the experiment described in section 4. The pit has the shape of a semi-circle with orientation angle θ with respect to the x axis (track direction) and depth d as shown in figure 1(a) . The diameter of the pit can be varied with respect to the spot size of the laser beam on the disc. The variables used here to define the pit state for a given ratio of the spot size with respect to the pit size are thus the angle θ of pit orientation and the phase = 4π d/λ, with d being the depth of the pit and λ the wavelength. The extra factor of 2 occurs because the pit is on a reflecting surface. A scheme of the arrangement of the quadrant detector is shown in figure 1(b) .
In the first set of calculations, we consider an isolated pit at an angle θ with respect to the x axis and a depth of d = λ/4 so that, after reflection, the portion of the beam affected by the pit gets a π phase shift. The diameter of the pit (shown schematically in figure 1(a) ) is assumed to be 2.5 µm while the FWHM of the focused spot on the disc is 2 µm. The intensity distribution of the field at the detector plane |E det (x, y)| 2 for orientation angle θ = π/2 is shown in figure 2 . As one can see, the field distribution at the detector plane is rotationally asymmetric but has a symmetry direction that is directly related to the orientation of the pit on the disc. In other words, if one would consider a pit having the same depth but rotated with respect to the x axis, the field intensity distribution at the detector will have the same intensity distribution but rotated by this angle. This result suggests that, if one can determine the orientation of the symmetry axis, one is able to retrieve the orientation of the pit and consequently assign its corresponding bit sequence. In order to do so, we consider a quadrant detector with the four quadrants A, B, C and D oriented clockwise as depicted in figure 1(b) . The intensities that are detected on each quadrant (I A , I B , I C and I D ) are further processed by addition and subtraction circuits leading to two resulting signals I 1 and I 2 given by
In figure 3 , we show the signals I 1 and I 2 as a function of the pit orientation (θ = 0-2π ) for three different pit depths = π, 3π/4, π/2. If one concentrates on the two signals corresponding to one fixed pit depth (say, = π), one can clearly see that the maximum or minimum in I 1 will occur when I 2 = 0 and vice versa. This means that, with the measurement of both I 1 and I 2 , angle orientations varying from 0 to 2π can be uniquely distinguished. One can also see that using both I 1 and I 2 signals, one can discriminate pits with the same orientation angle but different depths. Another interesting feature is that the intensity fluctuations of the reflected signal can also be taken into account by normalizing the signals with the sum of all four quadrants (I tot = I A + I B + I C + I D ). In conclusion, when I 1 , I 2 and I tot are known, multiplexing of both angle and depth variables is possible. The next analysis consists in determining the optimal relative size between the diameter of the semi-circular-shaped pit compared to the focused spot. Defining R as the ratio between the radius of the semi-circular pit and the radius of the Airy spot (with the latter defined as the distance between the maximum intensity and the first zero in the focused field distribution), we plot in figure 4 the signal I 2 as a function of the phase of the pit ranging from 0 to π for a fixed pit orientation (θ = 0) for different values of R. In figure 4 , one can see that the steepest slope occurs when R = 0.5, i.e. when the radius of the spot is twice as large as the radius of the semi-circular pit. This means that this value of R allows the best discrimination between different states. This figure also shows that pits with identical depths but different pit sizes could also be distinguished since the signals do not overlapthis is indeed another possible multiplexing variable, but this • and phase π.
consideration falls outside the scope of this paper. We also note from figure 4 that, for some values of R (in particular for R = 0.75), the variation of the signal I 2 as a function of the pit depth is very small since in this case the reflected light at the quadrant detector is more symmetrically distributed in all quadrants.
Experimental set-up
We have built an experimental set-up in order to test these ideas. The set-up is a quasi-static demonstrator where the optical path follows the scheme shown in figure 1(c). Since this problem can be scaled to any wavelength, we have chosen, for convenience, an Nd-YAG laser with a wavelength of 1064 nm. The laser beam passes through a beamsplitter and is focused onto the sample with an objective with numerical aperture NA = 0.25. The beam that is reflected from the sample passes through the same objective and is directed to a CCD camera. A lens is inserted before the CCD camera to image the disc surface with a magnification of 20. A white light source was used to image the mask onto the camera in order to center the focused spot onto the pit. The sample was fabricated with an ion-beam pattern generator and contains three rows of semi-circular-shaped pits following the scheme shown in figure 1(d) . The diameter of the semi-circle is 5 µm and its depth is fixed and equal to produce a phase shift of one-quarter of the wavelength so that after reflection = π. The minimum distance between the pits (as shown schematically in figure 1(d) ) is 2.5 µm and the distance between the tracks (center to center of the pits) is 7.5 µm.
In figure 5 , we show the intensity distribution of the light beam after being reflected from one asymmetric pit and reimaged on the CCD camera as the beam is centered above one pit oriented at θ = 90
• . With this intensity distribution, we have obtained the signals I 1 , I 2 and I tot .
In figure 6 , a comparison between theoretical and experimental values of signals I 1 and I 2 as a function of the orientation angle θ is plotted. The dots and squares in the figure 6 ). We would like to note that no fitting of the data was done except the normalization of the power. Thus discrepancies between the experimental focused spot and the perfect Airy function, exact depth and steepness of the pit, and tilt of the sample with respect to the beam and errors in the positioning of the sample with respect to the beam have not been taken into account. Given that, we can say that this system can handle relaxed tolerances.
Once we have demonstrated the feasibility to read an asymmetric pit and retrieve its depth and orientation angle, the next question is related to the maximum amount of information that can be stored in a single pit using these multiplexing capabilities. By comparing the experimental result and simulation shown in figure 6 , we can estimate the minimum angle separation that can be distinguished using our present set-up. Here, we can safely assume that a discrimination of roughly 36 different angles is possible for the case of phase = π. Also, based on the deviations between the experimental and theoretical curves (±3%), we can also assume that five different pit depths (i.e. with ranging from π/2 to π in intervals of π/8) could be distinguished. In total, this will result in about 7 bits (128 different states) per pit once orientation angle and pit depth are combined.
Since we measure a differential signal and normalize it with the total power, the intensity fluctuations of the light source can be avoided. Thus, in general, one can state that the number of orientations that can be distinguished will mostly depend on the noise of the detector system and the position stability of the pit with respect to the focused beam.
Discussion and prospects of the method
The estimation on the number of states obtained in section 4 is purely based on our experimental data and it is not theoretically limited. More states should be possible to be discriminated once more accurate measurements of the intensities are made and vibration of the set-up is compensated. The maximum number of levels that can be encoded will finally depend on several other experimental factors such as signal-to-noise ratio of the detector and crosstalk. Given that the type of detection here is based on differential and normalizable photodetection measurements, if all extra technical noises could be eliminated, ultimately shot noise will impose the theoretical limit to the maximum number of states.
In order to determine the actual information density capability of this system, one important factor that should be taken into account is the crosstalk. In our proposed multiplexing method, crosstalk should be analyzed by adding several pits at different states surrounding the central pit to be read and comparing the integrated intensities at the detector obtained with and without the surrounding pits. The minimum distance between the pits should be such that the crosstalk is smaller than a given tolerance level. Crosstalk cancellation methods could also be used here; in our case, since the reflected light from the pit is re-focused at the detector, a simple way to cancel crosstalk is to add a circular mask on the quadrant detector so that all the light that surrounds the central area would be eliminated. We also believe that more experiments should be done on samples with multiple pits at various distances from each other in order to determine whether other experimental factors in addition to crosstalk could play a role in the data density that could be reached. Besides that, another way to increase data density would be to optimize the coding of the information for our system. Since our system allows many bits per pit area, there is a lot of room to extend the studies in this area. In this paper, we have not treated these issues since our goal here is just to show this system as a proof-of-principle and such extended analysis would fall outside the scope of this paper.
In terms of practical issues, we point out that our method has several similarities with the present optical recording systems as schematically shown in figure 1(c) and its implementation should be quite straightforward. One main difference is that the spot on the disc should be pulsed and synchronized with the speed that the disc rotates so that the pit is read at the moment that the light is on top of the pit. Another difference lies on writing the master disc [8] , given the fact that the pits would have different depths. But since the depth levels are discrete, this can be achieved by multiple exposure mask lithography.
Finally, we would like to point out that, although we have concentrated this paper on the special case of optical recording, asymmetric structures such as the ones shown here could also be used in other areas in optics that require far-field detection such as metrology for the alignment of wafers in lithography. Based on the results of figure 2, one can see that the relative xy position of the structure and the focused light beam as well as the angle of the structure have signatures that can be detected with a CCD camera or a quadrant detector.
Conclusions
In conclusion, we have analyzed a new way to multiplex binary bit patterns on one single pit by making the pit asymmetric and using the orientation and the depth of the pit as encoding variables. We have also shown that the pit depth can be resolved, without the need of an interferometric set-up. Based on experimental results, we have estimated that with our system it is possible to distinguish 128 different states on a single pit. The advantages of this method as compared to new proposals in optical recording is that the detection is in the farfield and can be implemented in a normal optical recording system. Other applications of asymmetric pits combined with far-field detection that could be implemented in the alignment of wafers in lithography will be considered in future.
